Electron-impact excitation of diatomic hydride cations II: OH$^+$ and
  SH$^+$ by Hamilton, James R et al.
ar
X
iv
:1
80
2.
07
56
6v
1 
 [a
str
o-
ph
.SR
]  
21
 Fe
b 2
01
8
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 22 February 2018 (MN LATEX style file v2.2)
Electron-impact excitation of diatomic hydride cations II:
OH+ and SH+
James R Hamilton1⋆, Alexandre Faure2† and Jonathan Tennyson1‡
1 Department of Physics and Astronomy, University College, London, Gower St., London WC1E 6BT, UK
2 Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France
Accepted ? Received ?
ABSTRACT
R-matrix calculations combined with the adiabatic-nuclei-rotation and Coulomb-
Born approximations are used to compute electron-impact rotational rate coefficients
for two open-shell diatomic cations of astrophysical interest: the hydoxyl and sulphanyl
ions, OH+ and SH+. Hyperfine resolved rate coefficients are deduced using the infinite-
order-sudden approximation. The propensity rule ∆F = ∆j = ∆N = ±1 is observed,
as is expected for cations with a large dipole moment. A model for OH+ excitation in
the Orion Bar photon-dominated region (PDR) is presented which nicely reproduces
Herschel observations for an electron fraction xe = 10
−4 and an OH+ column density of
3×1013 cm−2. Electron impact electronic excitation cross sections and rate coefficients
for the ions are also presented.
Key words: molecular data Physical Data and Processes; SM: molecules - Inter-
stellar Medium (ISM), Nebulae; molecular processes - Physical Data and Processes.
1 INTRODUCTION
Cross sections for electron collisions with molecular ions can
be very large (>1000 A˚2). If the ion in question contains a
permanent dipole moment, the electron-impact rotational
excitation rate coefficients far exceed those of H and H2
meaning that in comparatively electron-rich regions, elec-
tron collisions can become the dominant excitation process.
Rotational rate coefficients have already been used to quan-
tify interstellar electron densities (Jimenez-Serra et al. 2006;
Harrison et al. 2013; Hamilton et al. 2016), but the rate co-
efficients for many key species remain unknown. In this pa-
per we consider (de)excitation of the hydoxyl and sulphanyl
ions: OH+ and SH+, respectively. The species both have
electronic ground states of 3Σ− symmetry which adds an
extra complication as the rotational levels display fine struc-
ture due to the electron spin of the two unpaired electrons
and hyperfine structure due to the nuclear spin of the hy-
drogen atom.
Both OH+ and SH+ were only detected in the inter-
stellar medium within the last decade; OH+ being first ob-
served by Wyrowski et al. (2010) and SH+ by Benz & et al
(2010) and Menten et al. (2011). However, the ions are now
known to be widespread (Gerin et al. 2016). In particular
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OH+ has now been found in a variety of locations includ-
ing translucent interstellar clouds (Kre lowski et al. 2010;
Gupta & et al. 2010) and both OH+ and SH+ have been
recently observed in absorption across the z = 0.89 molec-
ular absorber towards PKS 1830-211 (Muller et al. 2016,
2017). They have been also detected in emission in dense
photon-dominated regions where electron collision processes
are thought to be important (van der Tak et al. 2013a;
Nagy et al. 2013). A number of these observations resolve
the fine (and sometimes hyperfine) structure in the transi-
tions (Benz & et al 2010; Gerin & et al. 2010; Godard et al.
2012; Nagy et al. 2013).
To date there is only one laboratory measurement of
electron-impact rotational rate coefficients for a molecular
ion was by Shafir et al. (2009) for HD+; this experiment ac-
tually measured de-excitation and only gave enough infor-
mation to show agreement with the theoretical predictions.
This means that thus far astronomically important electron-
impact rotational rate coefficients for molecular ions have
all been computed (Faure & Tennyson 2001, 2003). In a re-
cent paper (Hamilton et al. 2016), we used improved the-
ory to compute rotational rate coefficients for three closed
shell hydride cations, ArH+, CH+ and HeH+; these hydrides
were chosen due to their significant role in the interstellar
medium (ISM), see Faure et al. (2017) for example. In this
work, electron-impact rate coefficients are calculated for the
open-shell ions OH+ and SH+. R-matrix calculations are
combined with the adiabatic-nuclei-rotation (ANR) approx-
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imation to produce rotational cross sections at electron en-
ergies below 5 eV. We also present electron impact electronic
excitation cross sections for the two ions considered. While
these are unlikely to be important for models of interstel-
lar medium, OH+ can be found in planetary ionospheres
(Fox et al. 2015), and cometary coma (Nordholt et al. 2003;
Haider & Bhardwaj 2005; Rubin et al. 2009), as well as
around Enceladus (Gupta & et al. 2010). In these environ-
ments electron impact electronic excitation may well be im-
portant.
Section 2 describes the R-matrix calculations and the
procedure used to derive the cross-sections and rate coef-
ficients is briefly introduced. In Section 3, we present and
discuss the calculated rate coefficients. A model for the ex-
citation of OH+ in the Orion bar photon-dominated region
(PDR) is also presented in Section 4. Conclusions are sum-
marized in Section 5.
2 R-MATRIX CALCULATIONS
Inelastic electron collision calculations with molecular ions
OH+ and SH+ were performed using the R-matrix method
(Tennyson 2010) within the Quantemol-N (Tennyson et al.
2007) expert system to run the UK molecular R-
matrix codes (UKRMol) (Carr et al. 2012). Details follow
closely the calculations performed in our previous paper
(Hamilton et al. 2016), denoted I below, and are not re-
peated here. The calculations produce T-matrices which
are processed by electron-impact rotational excitation code
ROTIONS (Rabada´n & Tennyson 1998), which employs the
Coulomb-Born approximation to include the effects of
high partial waves (Norcross & Padial 1982). In particular,
∆N = 1 transitions (N is the molecular ion rotational an-
gular momentum) are strongly influenced by the long-range
dipole moment and ROTIONS uses the Coulomb-Born approx-
imation to include the contributions of partial waves with
ℓ > 4. These long-range effects are unimportant for transi-
tions with ∆N > 1 (Faure & Tennyson 2001). Experimental
values of the dipole moments were used in these calculations
where available.
2.1 OH+
The OH+ target was represented using an augmented aug-
cc-pVTZ GTO basis set. The use of augmented basis sets
improves the treatment of the more diffuse orbitals for the
excited states in the calculation. The ground state of OH+ is
X 3Σ− which has the configuration [1 σ 2 σ 3 σ]6 [1 π]2. The
target was represented using CAS-CI treatment freezing the
lowest energy 1 σ2 orbital and placing the highest 6 electrons
in orbitals [2-8 σ, 1-3 π]6. This target was constructed in an
R-matrix sphere of radius 13 a0. Nine electronically excited
states were used in the close-coupling expansion.
The vertical excitation energies (VEEs) of the excited
states of OH+ calculated using this model at an equilibrium
bondlength of 1.0289 A˚ are given in Table 1, where the VEEs
are compared to measured values. The VEEs calculated in
this work compare well to the measured adiabatic excita-
tion energies (AEEs). VEEs naturally exceed AEEs and in
this particular case the A 3Π has a much larger equilibrium
bondlength (1.134 A˚) than the b 1Σ+ state (1.032 A˚), which
Table 1. Vertical excitation energies for the lowest 5 excited
states of OH+ compared with measured adiabatic excitation en-
ergies.
State This Work (eV) Previous (eV)
X 3Σ− 0.000 0.000
a 1∆ 2.509 2.190 a
b 1Σ+ 3.709 3.602 b
A 3Π 3.903 3.526 b
1 1Π 6.183
2 1Σ+ 11.510
a Katsumata & Lloyd (1977)
b Huber & Herzberg (1979)
Table 2. Dipole moment, µ, and rotational constant, B, cal-
culated for isotopologues of OH+ are compared with published
values.
Property This Work Previous
16OH+ 17OH+ 18OH+ 16OH+
µ (D) 2.252 2.269 2.283 2.256 a
B (cm−1) 16.796 16.737 16.685 16.423 b, 16.422 c
a Theory Werner et al. (1983)
b Rotational spectroscopy Bekooy et al. (1985)
c Ultraviolet spectroscopy Merer et al. (1975)
results in a different order of the states at R = 1.029 A˚.
The excited states a 1∆, b 1Σ+ and A 3Π are within the
electron energy range of interest in this investigation. Cal-
culated equilibrium geometry dipole moment and rotational
constant of OH+ are compared to the best available values
in Table 2.
Isotopic substitution shifts the centre-of-mass and
hence, for ionic system, alters the permanent dipole mo-
ment. Oxygen exists in three isotopes giving 16OH+, 17OH+
and 18OH+. While 16O is the most abundant isotope, the
abundance of 18O is not negligible with an isotopic ratio
16O/18O=498.7±0.1 for the Solar System (Vienna Standard
Mean Ocean Water value) (Asplund et al. 2009; Meija et al.
2016). The abundance of 17O is much lower with an isotopic
ratio 16O/17O=2632±7 (Asplund et al. 2009; Meija et al.
2016). To our knowledge, only the main isotopologue 16OH+
has been detected in the interstellar medium so far. For this
reason the discussion and results presented in the main pa-
per will be concerned with only 16OH+ (henceforth referred
to as OH+) but data for the other isotopologues are also
included in the supplementary data to this article.
2.2 SH+
The SH+ target was represented using a non augmented
Dunning cc-pVTZ GTO basis set. Unlike OH+, an aug-
mented basis set could not be used as it gave linear
dependence problems and did not produce smooth re-
sults. The ground state of SH+ has the configuration
[1σ 2σ 3σ 1π 4σ 5σ]14 [2π]2. The target was represented us-
c© 0000 RAS, MNRAS 000, 000–000
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Table 3. Vertical excitation energies for the lowest 7 excited
states of SH+ compared with measured values.
State This Work (eV) Previous (eV)
X 3Σ− 0.000
a 1∆ 1.472 1.280 a†, 1.340 b†
b 1Σ+ 2.517 2.390 a†, 2.390 b†
A 3Π 3.856 3.740 a†, 3.762 c‡, 3.980 b†
3.840 b‡, 3.709 d‡
c 1Π 5.200 5.320 a†, 4.722 c‡, 5.220 b†
4.800 b‡
5Σ− 9.817 9.090 a†
2 3Π 10.304
2 1Σ+ 10.373 10.489 b†
† Adiabatic value
‡ Vertical value
a Observed, Dunlavey et al. (1979)
b Calculated, Bruna et al. (1983)
c Observed, Rostas et al. (1984)
d Observed, Horani et al. (1967)
Table 4. Dipole moment and rotational constant calculated for
SH+ compared with published values.
Property This Work Previous
32SH+ 33SH+ 34SH+ 36SH+ 32SH+
µ (D) 1.388 1.394 1.394 1.394 1.285 a
B (cm−1) 9.135 9.125 9.118 9.103 9.133 b
a Theory, Senekowitsch et al. (1985)
b Empirical, Mu¨ller et al. (2014)
ing CAS-CI treatment freezing electrons of the lowest energy
1-3 σ and 1π orbitals and placing the highest 6 electrons in
orbitals [4-8 σ, 2-4 π, 1 δ]6. This target was constructed in
anR-matrix sphere of radius 10 a0. The VEEs of the excited
states of SH+ calculated from this model at the equilibrium
bondlength of 1.3744 A˚ are given in Table 3 and compared
to published values. The VEEs calculated in this work com-
pare well to the measured VEEs. The calculated equilibrium
geometry dipole moment and rotational constant of SH+ are
compared to the best available values in Table 4.
Sulphur exists as four isotopes giving 32SH+, 33SH+,
34SH+ and 36SH+. While 32S is the most abundant iso-
tope, the abundance of 34S is significant with an iso-
topic ratio 32S/34S∼22 for the Solar System (Asplund et al.
2009; Meija et al. 2016). The abundances of the other iso-
topes are much lower with isotopic ratios 32S/33S∼125 and
32S/36S&5000 (Asplund et al. 2009; Meija et al. 2016). Both
isotopologues 32SH+ and 34SH+ have been detected in the
(extragalactic for 34SH+) interstellar medium (Muller et al.
2017). The discussion and results presented in the main pa-
per will be concerned with only 32SH+ (henceforth referred
to as SH+) but data for the other isotopologues are also
included in the supplementary data to this article.
2.3 Cross-sections and rate coefficients
Working in C2v symmetry, each of the above calculations
produces eight fixed-nucleiT-matrices for each molecule: the
four symmetries A1, A2, B1, B2 for both doublet and quartet
states of the N + 1 electron systems. These T-matrices are
used to calculate the electronic excitation cross sections us-
ing standard equations (Tennyson 2010) and, once converted
to the C∞v point group, rotational excitation cross sections
using the program ROTIONS (Rabada´n & Tennyson 1998) us-
ing the rotational constants and isotope specific dipole mo-
ments given in Tables 2 and 4. ROTIONS computes the rota-
tional excitation cross sections for each doublet and quar-
tet state independently. The total rotational cross sections
are thus obtained as the (weighted) sum of the doublet and
quartet cross sections.
2.3.1 Electronic transitions
Electronic excitation cross sections were computed for col-
lision energies Ecoll in the range 0.01-5 eV. We consider
electronic transitions from the ground state of each cation
to all states with electronic thresholds below the 5 eV up-
per limit. The electronic thresholds are calculated using the
fixed nuclei approximation. Assuming that the electron ve-
locity distribution is Maxwellian, rate coefficients for excita-
tion transitions were obtained for temperatures in the range
1 – 5000 K.
2.3.2 Rotational transitions
As in I, we use a combination of the adiabatic nuclear rota-
tion (ANR) method (Chang & Temkin 1970) with Coulomb-
Born completion (for dipolar transitions only). To allow
for threshold effect we used an empirical correction: be-
low the excitation threshold cross sections are set to zero,
see Faure et al. (2006) for details. The validity of this ap-
proach was confirmed recently for HeH+ where the full-
rovibrational multichannel quantum defect theory (MQDT)
calculations by Cˇur´ık & Greene (2017) were found in good
agreement with the ANR/Coulomb-Born calculations of I.
Rotational transitions between levels with N 6 11 were
considered. However, transitions were restricted to ∆N 6 8
owing to the finite number of partial waves in theT-matrices
(ℓ 6 4). Rotational excitation cross sections were com-
puted for collision energies Ecoll in the range 0.01-5 eV.
For transitions with a rotational threshold below 0.01 eV,
cross sections were extrapolated down to the threshold using
a 1/Ecoll (Wigner’s) law, as recommended by Faure et al.
(2006). Rate coefficients for excitation transitions were ob-
tained for temperatures in the range 1 – 3000 K assuming
a thermal electron energy distribution. The principle of de-
tailed balance was used to compute de-excitation rate coef-
ficients.
2.3.3 Hyperfine transitions
As discussed in the introduction, the fine and hyperfine
structures of the OH+ and SH+ ions are resolved in astro-
nomical observations. It is therefore necessary to provide
hyperfine-resolved rate coefficients for these two ions. In the
Hund’s case (b) coupling scheme, the fine structure levels
c© 0000 RAS, MNRAS 000, 000–000
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are labelled by (N, j) where j = N+ S is the total angu-
lar momentum quantum number and S = 1 is the elec-
tronic spin. The hyperfine structure levels are labelled by
(N, j, F ) where F = j+ I is the hyperfine quantum num-
ber and I = 1/2 is the nuclear spin of the hydrogen atom.
Each rotational level is thus split into 3 fine-structure lev-
els (j = N − 1, j = N, j = N + 1) (except N = 0) and
each fine-structure level is in turn split into 2 hyperfine lev-
els (F = j ± 1/2) (except (N, j) = (1, 0)). The fine and
hyperfine splittings are ∼ 1 cm−1 and ∼ 0.001 cm−1, re-
spectively, i.e. they are much lower than the rotational and
collisional energies. Thus, assuming that the electronic and
nuclear spins play a spectator role during electron-molecule
collisions, hyperfine-resolved rate coefficients can be com-
puted using the simple infinite-order-sudden (IOS) approxi-
mation. Within this approximation, which is similar in spirit
to the ANR approximation, the pure rotational rate coeffi-
cients obey the following equation (Corey & McCourt 1983):
kIOSN→N′ (T ) = [N
′]
∑
L
(
N ′ N L
0 0 0
)2
kIOS0→L(T ), (1)
where [N ′] represents (2N ′ + 1) and ( ) is a Wigner “3-j”
symbol. In practice, the rate coefficients kN→N′ (T ) com-
puted with ROTIONS do not strictly follow Equ. (1) due to
the Coulomb-Born completion and the threshold correction
applied to the cross sections. Equ. (1) is however satisfied to
within 25%, down to 10 K. Within the IOS approximation,
the fine-structure rate coefficients can be obtained as follows
(Corey & McCourt 1983; Lique et al. 2016):
kIOSNj→N′j′(T ) = [NN
′j′]
∑
L
(
N ′ N L
0 0 0
)2
×
{
N N ′ L
j′ j S
}2
×k0→L(T ), (2)
where { } is a “6-j” Wigner symbol and k0→L(T ) are the
rotational rate coefficients computed with ROTIONS. Simi-
larly, the hyperfine-resolved rate coefficients can be obtained
as (Daniel et al. 2005; Lique et al. 2016):
kIOSNjF→N′j′F ′(T ) = [NN
′jj′F ′]
∑
L
(
N ′ N L
0 0 0
)2
×
{
N N ′ L
j′ j S
}2
×
{
j j′ L
F ′ F I
}2
k0→L(T ). (3)
In practice, however, the hyperfine rate coefficients for tran-
sitions with N 6= N ′ were computed as (Neufeld & Green
1994; Faure & Lique 2012):
kINFNjF→N′j′F ′(T ) =
kIOSNjF→N′j′F ′(T )
kIOS
N→N′
(T )
kN→N′(T ). (4)
This scaling procedure guarantees the following equality:∑
j′F ′
kINFNjF→N′j′F ′(T ) = kN→N′(T ), (5)
thus ensuring that the summmed hyperfine rate coefficients
are identical to the ANR/Coulomb-Born pure rotational
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Figure 1. Rate coefficients for electronic excitation of OH+.
rate coefficients. In addition, in order to improve the re-
sults at low temperatures, the fundamental excitation rate
coefficients k0→L(T ) were replaced by the de-excitation fun-
damental rate coefficients using the detailed balance relation
(within the IOS approximation) k0→L(T ) = [L]kL→0(T ), as
in Faure & Lique (2012).
3 RESULTS
There are no previous studies on these systems against which
we can compare. We start by considering results for electron-
impact excitation of OH+.
3.1 OH+
Fig. 1 shows the rate coefficients for the electronic excitation
of OH+(X 3Σ−) after electron impact. This figure shows that
the excitation of OH+(X 3Σ−) to OH+(a 1∆) has a lower
temperature threshold than the subsequent transitions and
has a greater magnitude over the investigated temperature
range. This is to be expected due to the electron energy
threshold of this transition, as shown in Table 1. This figure
also shows that while the rate coefficients for excitation to
OH+(b 1Σ+) and OH+(A 3Π) have a similar temperature
threshold, the rate coefficient for excitation to OH+(A 3Π)
dominates at higher temperatures and in fact is converging
towards the rate coefficient for excitation to OH+(a 1∆).
This is a consequence of the fact that the OH+(X 3Σ−) to
OH+(A 3Π) transition is dipole allowed so this excitation
tends to dominate at high impact energies.. State-to-state
Einstein coefficients for the 3Σ− −3 Π band can be found in
Go´mez-Carrasco et al. (2014).
Fig. 2 presents rate coefficients for electron-impact ro-
tational excitation of OH+ from its rotational ground state.
The processes are dominated by the ∆N = 1 transition
due to the long-range effect of the dipole moment discussed
above. As ∆N increases the temperature threshold of the
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Rate coefficients for rotational excitation of OH+ from
the ground state (N=0) to the lowest seven excited states.
Table 5. Hyperfine de-excitation rate coefficients in cm3s−1 for
OH+ in initial levels (N, J, F ) = (1, 2, 5/2) and (1, 2, 3/2). Powers
of ten are given in parentheses.
N j F N’ j’ F’ 10 K 100 K 1000 K
1 2 5/2 0 1 3/2 5.38(-6) 1.72(-6) 6.39(-7)
1 2 5/2 0 1 1/2 0.0 0.0 0.0
1 2 5/2 1 0 1/2 3.81(-7) 1.16(-7) 3.80(-8)
1 2 3/2 0 1 3/2 8.97(-7) 2.87(-7) 1.06(-7)
1 2 3/2 0 1 1/2 4.48(-6) 1.43(-6) 5.32(-7)
1 2 3/2 1 0 1/2 3.81(-7) 1.16(-7) 3.80(-8)
1 2 3/2 1 2 5/2 2.00(-7) 6.09(-8) 1.99(-8)
process increases and the magnitude of the rate coefficients
decreases.
Table 5 presents rate coefficients for electron-impact
hyperfine de-excitation of OH+ from the initial levels
(N, J, F ) = (1, 2, 5/2) and (1, 2, 3/2). These two levels are
the upper states of the observed transition of OH+ at
972 GHz that will be discussed in the next section. It can
be noticed that transitions with ∆F = ∆j = ∆N = ±1
are collisionally favored, as observed previously for other
3Σ− targets colliding with neutrals (see Lique et al. 2016,
and references therein). We note that radiatively the se-
lection rules ∆F = 0,±1 holds strictly and transitions
with ∆F = ∆j = ∆N are the strongest ones. We also
observe that de-excitation rate coefficients decrease signifi-
cantly with temperature, typically by a factor of 10 between
10 and 1000 K.
3.2 SH+
Fig. 3 shows the rate coefficients for the electronic excita-
tion of SH+(X 3Σ−) after electron impact. This figure shows
that the temperature thresholds of the three transitions con-
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Figure 3. Rate coefficients for electronic excitation of SH+.
sidered in this work are fairly similar. The rate coefficient
for the transition to SH+(a 1∆) dominates from relatively
low temperatures whereas the rate coefficients for transi-
tions to SH+(b 1Σ+) and SH+(A 3Π) remain very similar
up to around 2000 K. At higher temperatures, the rate co-
efficient for the transition to SH+(b 1Σ+) exceeds that for
the transition to SH+(A 3Π). This latter does however tend
to converge towards the former as the temperature increases
still further.
Fig. 4 presents rate coeffcients for electron-impact ro-
tational excitation of SH+ from its rotational ground state.
The processes are again dominated by the ∆N = 1 transi-
tion, particularly at low temperatures. As ∆N increases the
temperature threshold of the process increases and the mag-
nitude of the rate coefficient decreases with the exception of
the rate coefficient for the ∆N = 4 transition which comes
to exceed that of the ∆N = 3 transition above ∼90 K.
Table 6 presents rate coefficients for electron-impact
hyperfine de-excitation of SH+ from the initial levels
(N, J, F ) = (1, 2, 5/2) and (1, 2, 3/2). These two levels are
the upper states of the transition of SH+ at 526 GHz first
detected with Herschel (Benz & et al 2010). Again we can
notice that transitions with ∆F = ∆j = ∆N = ±1 are
favoured and that de-excitation rate coefficients decrease by
a factor of ∼10 between 10 and 1000 K.
The supplementary data associated with this paper in-
clude:
• Electronic excitation cross sections and rate coefficients
for 16OH+ and 32SH+. Data include all electronic states with
thresholds below 5 eV.
• Rotation excitation cross sections and rate coefficients
for the three isotopes of OH+ and the four isotopes of SH+.
Rotational excitation datasets are published for transitions
with starting values of N = 0 to N = 11.
• Hyperfine de-excitation rate coefficients for 16OH+,
18OH+ and 32SH+. Hyperfine de-excitation datasets are
published for transitions with starting values of (N, j, F ) =
(0, 1, 3/2) to (11, 11, 21/2).
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6 James R Hamilton, Alexandre Faure and Jonathan Tennyson
1 10 100 1000
Electron Temperature (K)
10
-13
10
-12
10
-11
10
-10
10
-9
10
-8
10
-7
10
-6
R
at
es
 C
o
ef
fi
ci
en
ts
 (
cm
3
s-
1
)
J=0-2
J=0-1
J=0-4
J=0-3
J=0-5
J=0-6
J=0-7
Figure 4. Rate coefficients for rotational excitation of SH+ from
the ground state (N=0) to the lowest seven excited states.
Table 6. Hyperfine de-excitation rate coefficients in cm3s−1 for
SH+ in initial levels (N, J, F ) = (1, 2, 5/2) and (1, 2, 3/2). Powers
of ten are given in parentheses.
N j F N’ j’ F’ 10 K 100 K 1000 K
1 2 5/2 0 1 3/2 1.80(-6) 5.75(-7) 2.18(-7)
1 2 5/2 0 1 1/2 0.0 0.0 0.0
1 2 5/2 1 0 1/2 4.04(-7) 1.27(-7) 4.04(-8)
1 2 3/2 0 1 3/2 3.00(-7) 9.58(-8) 3.63(-8)
1 2 3/2 0 1 1/2 1.50(-6) 4.79(-7) 1.82(-7)
1 2 3/2 1 0 1/2 4.04(-7) 1.27(-7) 4.04(-8)
1 2 3/2 1 2 5/2 2.12(-7) 6.68(-8) 2.12(-8)
These data will also be placed in the BASECOL database
(Dubernet & et al. 2013).
Hyperfine data for 16OH+, 18OH+ and 32SH+ have been
also combined with the spectroscopic data from the Cologne
Database for Molecular Spectroscopy (Mu¨ller et al. 2005) in
order to provide a full and consistent dataset adapted to
radiative transfer studies (see below). Hyperfine data for
the other isotopologues are not provided due to the lack
of spectroscopic data (the recent entry 34SH+ at CDMS is
currently limited to nine hyperfine transitions within N =
1− 0).
4 OH+ EXCITATION IN THE ORION BAR
The first detection of OH+ in emission in a Galactic source
was reported by van der Tak et al. (2013a) using the Her-
schel Space Observatory. These authors presented line pro-
files and maps of OH+ line emission toward the Orion Bar
PDR. The Orion Bar PDR is the archetypal edge-on molec-
ular cloud surface illuminated by far-ultraviolet radiation
from nearby massive stars. The analysis of the chemistry and
excitation of OH+ by van der Tak et al. (2013a) suggests an
origin of the emission at visual extinctions AV ∼ 0.1 − 1
where most of the electrons are provided by the ionized car-
bon atoms and hydrogen is predominantly in atomic form.
This is also the region where CH+ and SH+ emissions orig-
inate (Nagy et al. 2013). In such an environment, the domi-
nant formation pathway for OH+ is O+ + H2 and the main
destruction route is OH++H2 (van der Tak et al. 2013a).
The reaction of OH+ with H is endothermic. Chemical
pumping may thus play a role in the excitation of OH+ only
if the molecular fraction f(H2) = 2N(H2)/(2N(H2)+N(H))
is large enough. Given that f(H2) is expected to be low
(< 10%) in the PDR layers where OH+ ions form, the
impact of chemical pumping should be small, as found by
Go´mez-Carrasco et al. (2014). This is in contrast with CH+
which reacts rapidly with H to form C+ + H2 (Faure et al.
2017).
We have thus assumed that the excitation of OH+ is en-
tirely driven by inelastic collisions with electrons and hydro-
gen atoms. The hyperfine collisional data presented above
for OH+ + e− and those of Lique et al. (2016) for OH+
+ H were combined with spectroscopic data from CDMS
and implemented in a non-LTE radiative transfer model. We
have employed the public version of the RADEX code1 which
uses the escape probability formulation assuming an isother-
mal and homogeneous medium. The cosmic microwave back-
ground (CMB) is the only background radiation field with
a temperature of 2.73 K. Radiative pumping by local dust
and starlight is neglected in order to focus on collisional ex-
citation effects. We assume that OH+ probes a homogeneous
region corresponding to the “hot gas at average density” de-
scribed by Nagy et al. (2017) for the Orion Bar: the atomic
hydrogen density is taken as n(H) = 2×105 cm−2 and the ki-
netic temperature as Tk = 500 K, that is a thermal pressure
of 108 K.cm−3 which is typical of dense PDR. We adopted
a typical electron fraction x(e) = n(e−)/n(H) = 10−4, as
expected if carbon is fully ionized. The line width was fixed
at 4 km.s−1, as observed by van der Tak et al. (2013b). As-
suming a unit filling factor, the OH+ column density is the
single free parameter adjusted to best reproduce the inte-
grated intensities measured by van der Tak et al. (2013b).
We have employed the three transitions observed by these
authors at 909.159, 971.804 and 1033.119 GHz, correspond-
ing to the transitions (N, j, F ) = (1, 0, 1/2) → (0, 1, 3/2),
(1, 2, 5/2) → (0, 1, 3/2) and (1, 1, 3/2) → (0, 1, 3/2), re-
spectively, which are the strongest hyperfine components in
each fine-structure line. It must be noted that the transi-
tion (N, j, F ) = (1, 2, 5/2) → (0, 1, 3/2) is actually blended
with the transition (1, 2, 3/2) → (0, 1, 1/2) at 971.805 GHz.
Since RADEX does not treat the overlap of lines, it was nec-
essary to extract the excitation temperature and line cen-
ter opacity of the blended transitions. Assuming Gaussian
shapes, the opacities were summed to simulate a composite
line whose intensity was integrated over velocity range from
-10 to +10 km.s−1. Overlap effects should be properly in-
cluded in the radiative transfer treatment but given the low
opacity of the lines (τ < 2) their impact is expected to be
moderate here.
Very good agreement is observed in Fig. 5 between
1 http://home.strw.leidenuniv.nl/∼moldata/radex.html
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Figure 5. OH+ line flux of the strongest hyperfine components
of the transition (N, j) = (1, j)→ (0, 1) as functions of the upper
level energy, as predicted by our non-LTE calculations for the
physical conditions used for the Orion Bar. The OH+ column
density was adjusted to best reproduce the observations of van
der Tak et al. (2013). See text for details.
our model and the observations for a OH+ column den-
sity of 3 × 1013 cm−2. Indeed, the calculations agree, es-
sentially within error bars, with Herschel data at 971.804
and 1033.119 GHz. They are also consistent with the upper
limit at 909.159 GHz. Our column density is a factor of ∼ 3
lower than the value derived by van der Tak et al. (2013b).
These authors have employed similar physical conditions but
different collisional data and they included chemical terms,
which explains the difference. On the other hand, we note
that our result is in good agreement with the column density
derived by van der Tak et al. (2013b) using the abundance
predicted by the Meudon PDR code (1.6× 1013 cm−2). Fi-
nally, the contribution of electron collisions was found to
be moderate, of the order of 10-20%, at an electron frac-
tion xe = 10
−4. The excitation of OH+ in the Orion Bar
is therefore dominated by hydrogen collisions. The impact
of electron-impact excitation would be much larger in envi-
ronments with high ionisation fractions such as supernova
remnants (Barlow et al. 2013; Hamilton et al. 2016) or plan-
etary nebulae (Aleman et al. 2014).
5 CONCLUSIONS
Electronic and rotational excitation cross sections and rate
coefficients have been produced and made available for a
range of rotational transitions of the open-shell hydrides
OH+ and SH+ and their isotopologues. The electronic struc-
ture calculations were validated where possible against pub-
lished data. The calculated excitation thresholds, calculated
dipole transition moments and rotational constants of both
hydrides were validated against measured values or values
recommended by the CDMS (Mu¨ller et al. 2005) and these
comparisons are very good.
TheR-matrix method was used to calculate T-matrices
from which electronically and rotationally inelastic cross
sections were calculated. No published data were available
to validate these inelastic cross sections but the reliability
of the ANR/Coulomb-Born approach was previously con-
firmed both experimentally and theoretically. Rate coeffi-
cients were calculated by integration of the cross sections
using Maxwell-Boltzman distribution of electron velocities.
Hyperfine de-excitation rate coefficients were deduced from
the rotational data using the IOS approximation. As with
the closed shell hydrides (Hamilton et al. 2016), the rota-
tional excitation rate coefficients of the ∆N = 1 transitions
were found to be strongly influenced by the long-range effect
of the dipole moment and have the largest magnitudes. This
result was found to translate in the hyperfine propensity rule
∆F = ∆j = ∆N = ±1.
The electron-impact excitation data were combined
with the results of Lique et al. (2016) for OH++H collisions
in order to model the rotational/hyperfine excitation of OH+
in the Orion Bar PDR. Very good agreement with the ob-
servations of van der Tak et al. (2013b) was obtained for a
OH+ column density of 3 × 1013 cm−2, which is similar to
the prediction of the Meudon PDR model. We recommend
using the present data in any model of OH+ excitation in
regions where the electron fraction is larger than 10−4.
Finally, electron collisions can seed processes besides
rotational excitation and electronic excitation. For molec-
ular ions both dissociative recombination (DR) and vibra-
tional excitation can be astrophysically important processes.
The mechanisms for these differ somewhat from that con-
sidered above as their cross sections are dominated by the
contribution of resonances. They thus require rather more
extensive theoretical procedures, see for example Little et al.
(2014). We note that electron-impact vibrational excitation
and DR rate coefficients have very recently been computed
by Stroe & Fifirig (2018).
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